Background: Chronic pain is a persistent unpleasant sensation that produces pathological synaptic plasticity in the central nervous system. Both human imaging study and animal studies consistently demonstrate that the anterior cingulate cortex is a critical cortical area for nociceptive and chronic pain processing. Thus far, the mechanisms of excitatory synaptic transmission and plasticity have been well characterized in the anterior cingulate cortex for various models of chronic pain. By contrast, the potential contribution of inhibitory synaptic transmission in the anterior cingulate cortex, in models of chronic pain, is not fully understood. Methods: Chronic inflammation was induced by complete Freund adjuvant into the adult mice left hindpaw. We performed in vitro whole-cell patch-clamp recordings from layer II/III pyramidal neurons in two to three days after the complete Freund adjuvant injection and examined if the model could cause plastic changes, including transient and tonic type A c-aminobutyric acid (GABA A ) receptor-mediated inhibitory synaptic transmission, in the anterior cingulate cortex. We analyzed miniature/ spontaneous inhibitory postsynaptic currents, GABA A receptor-mediated tonic currents, and evoked inhibitory postsynaptic currents. Finally, we studied if GABAergic transmission-related proteins in the presynapse and postsynapse of the anterior cingulate cortex were altered. Results: The complete Freund adjuvant model reduced the frequency of both miniature and spontaneous inhibitory postsynaptic currents compared with control group. By contrast, the average amplitude of these currents was not changed between two groups. Additionally, the complete Freund adjuvant model did not change GABA A receptor-mediated tonic currents nor the set of evoked inhibitory postsynaptic currents when compared with control group. Importantly, protein expression of vesicular GABA transporter was reduced within the presynpase of the anterior cingulate cortex in complete Freund adjuvant model. In contrast, the complete Freund adjuvant model did not change the protein levels of GABA A receptors subunits such as a1, a5, b2, c2, and d. Conclusion: Our results suggest that the induction phase of inflammatory pain involves spontaneous GABAergic plasticity at presynaptic terminals of the anterior cingulate cortex.
Introduction
Human imaging studies have shown that the anterior cingulate cortex (ACC) is a critical cortical area for nociception and chronic pain. 1, 2 Animal studies have also investigated the functional connection between the ACC and nociception and chronic pain. 3, 4 In vivo electrophysiological studies of mice and rats demonstrate that peripheral nociceptive stimulation and/or injury models produce evoked action potentials or excitatory postsynaptic potentials in the ACC. [5] [6] [7] So far, the mechanisms of excitatory synaptic transmission have been well characterized in the ACC. 4, [8] [9] [10] [11] [12] [13] Various animal models of chronic pain cause excitatory synaptic plasticity in superficial layers of the ACC. For example, chronic pain induced peripheral inflammation and a nerve injury enhance glutamatergic transmitter releases in layer II/III of the ACC. 10, 13, 14 These models also activate the postsynaptic functions of glutamatergic receptors, N-methyl-D-aspartic acid receptors, and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors in the ACC. 3, 10, 11, 15 The ACC is composed of excitatory and inhibitory neurons which interact to produce microcircuits within the cortex. 16 GABAergic transmission in the ACC plays a critical role in regulation of nociception and chronic pain in humans and animals. 17, 18 Specifically, in the human study, which used optimized spectroscopic sequence for GABA detection, it was demonstrated that GABA levels in the ACC inversely correlate with the intensity of ongoing chronic knee osteoarthritis pain. 17 In animal studies, GABAergic synaptic transmission enhancement, by a muscarinic receptor agonist injected into the ACC, produces antinociceptive behaviors. 19 Although a chronic inflammatory pain model (in one to three days) obviously enhanced glutamatergic transmission in the superficial layers of the ACC, 13, 15 whether the early stage of a major chronic inflammatory pain model could produce GABAergic synaptic plasticity is not fully understood in layer II/III of the ACC.
Here, we examined whether a major type of inflammatory pain, complete Freund adjuvant (CFA)-induced chronic pain model (two to three days), could influence inhibitory synaptic plasticity in the adult mouse ACC. Using in vitro whole-cell patch-clamp recordings from brain slices, we recorded both transient and tonic GABA A receptor-mediated currents in the layer II/III pyramidal neurons from the ACC. Transient GABA A receptor-mediated currents were examined through measuring miniature and spontaneous inhibitory postsynaptic currents (mIPSCs and sIPSCs, respectively) from pyramidal neurons in response to peripheral CFA. GABA A receptor-mediated tonic currents were also examined in response to CFA inflammatory pain. In addition, we tested if the CFA model could alter evoked IPSCs in the ACC. Lastly, using methods to separate presynaptic from postsynaptic sites, we tested whether or not GABA-related proteins such as vesicular GABA transporter (vGAT) and GABA A receptor subunits were altered following inflammatory pain.
Materials and methods
Animal, chronic pain model, and mechanical threshold
Male adult C57BL/6 mice (8-12 weeks old) were used throughout the experiment (CLEA, Hirosaki, Japan). Mice were housed at 23 AE 2 C with a 12/12-h light/ dark cycle (light on at 07:00 h) and were given free access to commercial food and tap water. Experimental procedures were based on the Guidelines of the Committee for Animal Care and Use of Hirosaki University. Chronic inflammatory pain was induced with CFA, injected into the left hind paw as previously published. 12, 13 Two to three days after the CFA injection, we tested mechanical hypersensitivity in CFAchronic inflammatory pain model measured by von Frey filament test. 12 Two to three days after CFA injected mice were used for in vitro electrophysiology. Western blot analysis was done in two days after CFA injection.
In vitro whole-cell patch-clamp recording Coronal brain slices (300 lm) at the level of the ACC were prepared using as previously published. [9] [10] [11] [12] [13] 20 Briefly, brain slices were transferred to a submerged recovery chamber with oxygenated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid containing (in mM) 124 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgSO 4 , 25 NaHCO 3 , 1 NaH 2 PO 4 , and 10 glucose at room temperature for at least 1 h. Experiments were performed in a recording chamber on the stage of an BX50WI microscope (Olympus, Tokyo, Japan) with infrared differential interference contrast optics for visualization. GABA A receptor-mediated IPSCs were recorded from layer II/III neurons of the ACC with an MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Wholecell recordings were made using voltage-clamp mode (Vh ¼ 0 mV) in the presence of an a-amino-3-hydroxy-5-methyl-4isoxazolyle propionic acid/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (10 lM), a N-methyl-D-aspartate receptor antagonist D (-)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 lM), a GABA B receptor antagonist CGP55845 (3 lM). The recording pipettes (3-5 MX) were filled with a solution containing (in mM) 120 Cs-MeSO 3 , 5 NaCl, 1 MgCl 2 , 0.5 EGTA, 2 Mg-ATP, 0.1 Na 3 GTP, and 10 HEPES (pH 7.3 with CsOH, 280-300 mOsmol). The [E Cl ] was -78.1 mV.
To record miniature IPSCs (mIPSCs), tetrodotoxin (TTX, 1 lM) was also applied in the bath solution to block sodium channels. For analyzing GABA A receptor-mediated tonic currents, bicuculline methiodide (10 lM) was applied in the bath solution. 19, 21, 22 Bipolar stimulating electrodes were placed in layer V/VI of the ACC slices to detect evoked IPSCs (eIPSCs). 12, 20, 23, 24 The eIPSCs were induced by repetitive stimulations every 30 s, and recorded neurons were voltage clamped at 0 mV. When the firing pattern of ACC neurons was recorded, 124 K-gluconate containing internal solution was used instead of 120 Cs-MeSO 3 under current clamp mode (Figure 1(C) ). 25 Biocytin (0.4%) was included in the pipette solution to label recorded neurons in the ACC (Figure 1(B) ). The initial access resistance was 15 to 30 MX and was monitored throughout the experiment. Data were discarded if the access resistance changed >15% during experiment. Data were filtered at 2 kHz and digitized at 10 kHz.
Histology and immunohistochemistry
After electrophysiological recordings, slices containing biocytin-filled ACC neurons were fixed overnight in a cold solution containing 4% paraformaldehyde. The slices were washed three times (10 min each time) in 0.01 M phosphate buffered saline (PBS). Next, the slices were applied by PBS containing 30% ethanol for 30 min and then washed by PBS three times. Slices were then incubated in PBS with 1% Triton X-100 and AlexaFluor555-labeled streptavidin (1:500) during overnight at 4 C. The following day, slices were washed in PBS and mounted on glass slides.
Confocal microscopy
Labeled neurons were imaged by a confocal microscope (LSM510 META ZEISS). Optical sections, usually at consecutive intervals of 1 to 2 lm, were imaged through the depth of the labeled neurons and saved as image stacks. Collapsing this stack using z projection on the confocal software onto a single plane generated a twodimensional reconstruction of the labeled neuron. The image stack was also reconstructed in three dimensional with appropriate software, to define areas of interest in the neuron. Although the effects of laser illumination on fixed tissue are not known, to prevent possible ultrastructural damage we tried to minimize both the scanning time and the laser intensity.
Separation of presynaptic, postsynaptic, and extrasynaptic membrane fraction
Mice were deeply anaesthetized with medetomidinemidazolam-butorphanol combination and transcardially perfused with cold PBS. Brains were quickly removed and cut to 0.5-mm-thick coronal slice with brain matrix. The ACC were punched out from the coronal slice and stored at -80 C for further processing. The pre-, post-, or extrasynaptic membrane was prepared using a modified version of a method. [26] [27] [28] This modified method makes it possible to extract protein from small amount of tissue (about 15-20 lg of protein of presynaptic membrane from 20 mg tissue). All steps in this method were carried out at 4 C or on crushed-ice. The ACC from five to six mice were combined into one sample to prepare fractionation. The tissue was homogenized in 200 lL of cold synaptosome preparation (SP) buffer at pH 6.0 (SP buffer, 0.32 M sucrose, 20 mM TrisHCl, 0.1 mM CaCl 2 , 1 mM MgCl 2 , and cOmplete TM Protease Inhibitor Cocktail EDTA-free, Roche) using an overhead stirrer with tapered tissue grinder and teflon pestle (WHEATON, #358133) at 1000 r/min for 20 strokes. Further homogenization was performed with Dounce Tissue Grinder (WHEATON, #357538) with a tight pestle for 100 strokes. The homogenate was centrifuged at 1000Âg for 10 min to remove nucleus and unhomogenized cells. The pellet (P1) was re-suspended and saved as nuclear (with a little bit contamination of unhomogenized cells). The supernatant (S1) was further centrifuged at 10,000Âg for 15 min to obtain a crude membrane fraction. After centrifugation of S1, the supernatant (S2) was centrifuged at 100,000Âg for 60 min to obtain cytosolic fraction and intracellular light membranes (ILM). The supernatant was recovered as a cytosolic fraction, and the pellet was lysed. After centrifugation of S1, the pellet (P2) was lysed in extrasynaptic membrane dissociation buffer at pH 6.0 (20 mM Tris-HCl, 0.5% TritonX-100, 0.1 mM CaCl 2 , 1 mM MgCl 2 , and cOmplete TM Protease Inhibitor Cocktail EDTA-free) and incubated for 30 min with rotating. After incubation, the homogenates were centrifuged at 32,000Âg for 30 min to obtain synaptosome fraction and extrasynaptic membrane fraction. The supernatant was saved as extrasynaptic membrane, and the pellet (P3) was used for further fractionation. P3 was dissolved in synaptosome dissociation buffer at pH 8.0 (20 mM Tris-HCl, 0.5% TritonX-100, 1 mM EGTA, 1 mM EDTA, and cOmplete TM Protease Inhibitor Cocktail EDTAþ) and incubated for 30 min while rotating. After incubation, the homogenates were centrifuged at 32,000Âg for 30 min, and the supernatant was saved as the presynaptic membrane fraction while the pellet was saved as a postsynaptic membrane. The final pellets of each fraction were resuspended with SP buffer containing 1% sodium dodecyl sulfate and sonicated. To reduce contamination of each fraction, supernatants were centrifuged for three times, and the pellets were washed or rinsed with SP buffer (P1 and P2) or synaptosome dissociation buffer (P3). Protein concentrations were determined using Bradford protein assay (Bio-Rad).
Western blot
Western blotting was performed as previously described. 29 Immunocomplex were visualized using ImmunoStar V R LD (Wako, Tokyo) or Clarity TM Western ECL substrate (Bio-Rad) and ImageQuant LAS 4000 mini system (GE Healthcare). The membranes were stripped with Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) and re-probed with another primary antibody. The antibodies used in this study were described in Table. 1. The expression levels of each protein were normalized to fraction markers.
Statistics
Data are expressed as means AE SEM. Statistical analyses were done with Sigmaplot (12.0) software. Results were analyzed for significance with analysis of variance with post-hoc tests. The differences of behavioral, electrophysiological, and Western blotting data among the groups were analyzed by one way repeated-measures analysis of variance, followed by the Tukey-Kramer test for multiple comparisons or Student's t test for two comparisons. A value of P < 0.05 was taken to indicate a statistically significant difference. For densitometric analysis of Western blotting, t test was used for statistical comparison.
Results

CFA-induced inflammatory model decreased sIPSCs in the ACC
We induced a long-lasting inflammatory pain by injecting CFA into the left hind paw in mice. Two to three days after the CFA or saline injection (as control), we confirmed that CFA produced mechanical hypersensitivity (1.600 AE 0.164 g, n¼8, control, and 0.038 AE 0.008 g, n¼8, CFA group, P < 0.05; Figure 1(B) ). After the assessment of the mechanical hypersensitivity, the animal was sacrificed, and coronal brain slices from the ACC were extracted. We performed whole-cell patch-clamp recordings from layer II/III pyramidal neurons and recorded sIPSCs under voltage-clamp mode at 0 mV. Pyramidal neurons were selected, according to the morphological and electrophysiological properties from layer II/III of the ACC 25 ( Figure 1 (B) and (C)). Current injection into pyramidal neurons elicited a regular spiking firing pattern which is typical of the ACC. 25 After a stable recording was obtained, these neurons were electrophysiologically characterized and simultaneously injected with biocytin for histochemical processing to confirm the recording neurons and area (Figure 1(C) ). 6-cyano-7-nitroquinoxaline-2,3-dione, a a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/KA receptor antagonist, AP-V, a N-methyl-D-aspartic acid receptor antagonist and CGP35845, and a GABA B receptor antagonist were perfused to isolate GABA A receptor currents (Figure 2(A) ). We recorded seven neurons from six control animals and found the average frequency and amplitude of sIPSCs was 4.9 AE 0.7 Hz and 24.3 AE 7.3 pA, respectively (Figure 2(A, a) and (B)). In contrast, in five neurons recorded from four animals of the CFA injected group, the average frequency and amplitude of sIPSCs was 1.6 AE 0.6 Hz and 18.8 AE 4.2 pA, respectively (Figure 2(A, b) and (b) ). Statistical analysis revealed that the CFA model reduced the average frequency of sIPSCs compared with control group (P < 0.05; Figure 2(B, b) ). In contrast, the average amplitudes of sIPSCs were not altered between two groups (P > 0.05; Figure 2(B, d) ). These results suggest that the peripheral and acute CFA induces a reduction in spontaneous synaptic transmitter release of GABA in the ACC.
CFA model reduced the frequency of mIPSCs in the ACC
We next recorded mIPSCs in the layer II/III pyramidal neurons from the ACC in the presence of (TTX, 1 lM) by blocking sodium channels mediated transmitter release ( Figure 3) . We compared the electrophysiological property of mIPSCs in both control and CFA group (Figure 3) . We recorded 11 neurons from 8 control mice and 11 neurons from 7 animals of the CFA group. In the CFA group, there was a significant reduction in the average frequency of mIPSCs compared with control group (2.6 AE 0.6 Hz, control and 1.1 AE 0.2 Hz, CFA group, P < 0.05; Figure 3(B, a-b) ). In contrast, the average amplitudes of mIPSCs were not changed between two groups (16.3 AE 0.9 Hz, control and 16.8 AE 0.9 Hz, CFA group, P > 0.05; Figure 3(B, c-d) ). These results suggest that CFA model reduces miniature synaptic transmitter release of GABA in layer II/III pyramidal neurons of the ACC.
CFA model did not alter GABA A receptor-mediated tonic currents Next, we tested if CFA model could affect extrasynaptic GABA A receptor-mediated currents in the ACC (Figure 4) . First, we recorded mIPSCs in the presence of TTX (1 lM) and then applied bicuculline methiodide (10 lM) in the bath solution to analyze GABA A receptor-mediated tonic currents. 19, 21, 22 In the control group, the neurons produced tonic currents (average currents: -30.2 AE 10.2 pA, n¼9/6, control; Figure 4(A) ). In the CFA group, the average GABA A receptormediated tonic current was -33.2 AE 24.2 pA (n¼9/6, CFA group; Figure 4(B) ). Statistical analysis revealed that the CFA group did not differ from the control group when GABA A receptor-mediated tonic currents were compared (P > 0.05; Figure 4(C) ). These results indicate that CFA injection does not result in extrasynaptic GABA A receptor activation in the ACC. 
CFA model did not change the electrophysiological property of evoked inhibitory synaptic transmission
We tested if two to three days after CFA injection could alter evoked IPSCs (eIPSCs) including paired-pulse ratio, input-output, and kinetics delivered by the stimulation electrode in layer V/VI ( Figure 5 ). Paired-pulse ratio among 35, 50, 75, 100, and 150 ms interval were not changed between control and CFA group (n¼5, control; n¼5, CFA group, P¼ 0.841; Figure 5 (A)). The input-output relationship of neurons for the stimulation intensity, ranging from 0.0 to 1.0 V, was not altered between these groups (n¼5, control; n¼5, CFA group, P¼ 0.735; Figure 5 (B)). We further analyzed the kinetics of eIPSCs in control and CFA groups. The averaged rise time and decay time of normalized eIPSCs were similar between control and CFA groups (n¼9, control; n¼9, CFA group, P¼ 0.657 in rise time, P¼ 0.596 in decay 
CFA reduced the protein expression of vGAT but not GABA A receptor subunits in the ACC
Since CFA-induced inflammation changed the GABA A receptor-mediated synaptic transmission in the ACC, we tested if CFA could alter the expression levels of proteins related to GABAergic synaptic transmission such as GABA-releasing protein and GABA A receptor subunits in the ACC (Figures 6 and 7) . We focused on the protein expressions of vGAT because vGAT plays a critical role in storing GABA transmitter in the synaptic vesicles on GABAergic synaptic terminals.
30,31
Thus, we studied whether CFA could alter the protein expression of vGAT in the ACC ( Figure 6 ). Notably, CFA reduced the protein expression of vGAT in the presynaptic membrane fraction (0.31 AE 0.04 of control, P < 0.05; Figure 6 (B)). The vGAT also exists in the extrasynaptic fraction and ILMs; however, no difference was found between control and CFA groups (Extrasynaptic fraction: 0.93 AE 0.15 of control group; ILM: 1.02 AE 0.10 of control, P > 0.05; Figure 6 (B)). These results indicate that the fusion of GABAergic synaptic vesicle to presynaptic membrane was disrupted. Next, we tested whether CFA could affect the protein expression of GABA A receptor subunits (Figure 7(A) ). Importantly, GABA A receptor subunits including a1, a5, b2, c2, and d were not changed between CFA and control group in all fractions (P > 0.05; Figure 7(B) ). These results suggest that two to three days after chronic inflammatory induction can alter presynaptic vesicular GABAergic transporter without altering GABA A receptor subunits in the ACC.
Discussion
In this study, we studied whether the induction phase of long-lasting inflammatory pain could alter GABAergic transmissions in the adult mice ACC. A major type of chronic inflammatory pain, induced by CFA, reduced the frequencies of both sIPSCs and mIPSCs in layer II/III pyramidal neurons, suggesting that the CFA model decreased the transmitter release probability of GABA in the ACC. This is consistent with the Western blot analysis in which protein expression of vGAT was reduced in CFA group. By contrast, GABA A receptor-mediated tonic currents were not altered between the two groups and GABA A receptor subunits including a1, a5, b2, c2, and d did not change between CFA and control group. Collectively, the results indicate that presynaptic but not postsynaptic changes occur in the GABA system during early phases in this chronic pain model.
CFA model reduced spontaneous GABAergic transmitter release in the layer II/III pyramidal neurons in the ACC
In this study, we used CFA-induced inflammatory pain model because this model is one of major types to show long-lasting chronic pain. 32 In general, the CFA model stability starts to represent severe hypersensitivity to mechanical and thermal stimulation from one to three days. 12, 13, 15, 32 We predict that the induction phase lays a neural foundation (observed as plastic changes) for the chronic pain experienced over weeks and years. Accordingly, the early phase of this chronic pain model could cause synaptic plasticity of inhibitory transmissions within the ACC. Our results show that superficial layer pyramidal neurons from the ACC decreased the neurotransmitter release of GABA following the early stage of chronic pain induction. This result is corroborated by our finding that there was a coincident change in inhibitory currents and protein expression of vGAT on the presynaptic membrane. By contrast, the amplitude of mIPSCs and sIPSCs did not change between control and CFA groups. Moreover, the protein It has been previously reported that GABAergic transmission is altered in deep layers of the ACC following the induction of chronic pain. 18 Blom et al. 18 reported that chronic constriction injury of the sciatic In the presynaptic fraction of CFA group, the relative value of a5 was 1.15 AE 0.13 of control group. In the postsynaptic fraction of CFA group, the relative values of a1, a5, b2, and c2 were 1.02 AE 0. CFA model did not alter evoked inhibitory synaptic transmission in the ACC CFA model reduced the frequency of miniature and spontaneous inhibitory synaptic transmissions. However, evoked inhibitory synaptic transmission, including paired-pulse ratio, and the input-output relationships were not changed in CFA group. The differences between spontaneous and evoked neurotransmissions in the ACC are still unknown. However, one possibility might be that spontaneous and evoked neurotransmissions have different transmitter release mechanisms. For example, spontaneous and evoked fusion events may be mediated by separate pools of vesicles within the same synapse. 33 Alternatively, some synapses may have a strong propensity for spontaneous fusion, whereas other synapses may preferentially release neurotransmitter in response to action potentials. 33 So the early stage of chronic inflammation might alter spontaneous but not evoked inhibitory transmissions in the ACC. Further studies are needed to reveal the different mechanisms between spontaneous and evoked inhibitory synaptic transmission in the ACC.
A possible mechanism to reduce spontaneous GABA release in CFA model Our electrophysiological analysis demonstrated that CFA reduces the release of GABA from terminals in layer II/III onto pyramidal neurons of the ACC. Since vGAT is expressed in GABA neurons in cortex and plays an important role in the storage of GABA at the GABAergic synaptic terminal, 30, 31, 34 we examined whether it might be influenced by chronic pain. Our Western blot analysis demonstrates that chronic inflammatory reduced the protein expression of vGAT in the ACC. This finding is consistent with a previous study which genetically manipulated vGAT in mice. 35 In that study, heterozygous vGAT knockout enhanced formalin-induced inflammatory nociceptive behaviors. Taken together, the CFA model may reduce transmitter release of GABA by decreasing the expressions of presynaptic vGAT in the ACC.
The question remains as to how GABAergic synaptic transmitter release was decreased in the ACC following CFA-induced inflammatory pain. However, one possibility might be that enhanced glutamatergic transmission or glutamatergic transmitter release induced by chronic pain condition might influence on GABAergic transmissions in the ACC. So far, various animal models of chronic pain including CFA, nerve injury, cancer pain, and visceral pain produced synaptic plasticity on glutamatergic neurons in the ACC. 12, 14, [36] [37] [38] Chronic pain facilitated glutamatergic transmitter release in the layer II/III pyramidal neurons from the ACC. 10, 13, 14, 36 Glutamatergic GluK receptors are located on presynaptic terminals and the postsynaptic membrane in the ACC. 20, [39] [40] [41] It is interesting that GluK1 receptors are expressed at the GABAergic axon terminals in layer II/III of the ACC 20, 40 since activating the GluK1 receptors have biphasic effects on the inhibitory transmissions in a dose-dependent manner in the ACC. 20 At a low dose of the GluK1 agonist ATPA, GABAergic transmission is increased, while at a high dose GABAergic transmission in the layer II/III of the ACC is decreased. 20 Therefore, it might be possible that persistent pain facilitates the release of glutamate in the ACC, and the enhanced release of glutamate could act as a switch to downregulate GABAergic transmission via presynaptic GluK1 receptors. We will need further study to reveal the molecular mechanisms in detail.
Functional roles of GABAergic transmission in the ACC
At the cortical network level, layer II/III pyramidal neurons project to layer V output neurons in the ACC. Animal models of chronic pain facilitate excitatory transmission in layer II/III. 4, 12, 42 In this study, we found that the CFA model reduced spontaneous GABAergic transmissions in layer II/III. These abnormal balances of the enhanced excitatory transmission and loss of GABAergic inhibition in layer II/III affect layer V pyramidal neurons. Indeed, in the nerve injury model, pyramidal neurons are facilitated in layer V which project to spinal cord indirectly and directly. 43, 44 The facilitation of layer V pyramidal neurons can enhance behavioral sensitization.
The functional roles of GABAergic transmission in the ACC have been reported for nociceptive behaviors. 19 Blocking GABA A receptors with bicuculline infused into the ACC showed enhanced nociceptive behaviors. 19 On the other hand, stimulating GABA A receptor-mediated synaptic transmission by muscarinic M 1 receptor agonist into the ACC produces antinociceptive effect. 19 Importantly, Kang et al. 45 reported that selective activations of parvalbumin GABAergic interneurons in the ACC by optogenetic stimulation can reduce the CFAinduced mechanical hypersensitivity. Therefore, regulations of GABAergic transmissions in the ACC can impact nociceptive responses to mechanical stimulation for acute and chronic pain. Since GABAergic transmissions cause synaptic plasticity in the induction phase of chronic inflammatory pain within the ACC, rescuing the GABAergic plasticity in the ACC may be a target to alleviate the maintenance stage of chronic pain. 4, 42 Author Contributions KK and SS designed the experiments and wrote the draft of the manuscript. KK, AY, and TF performed electrophysiological analysis. KK and SS performed behavioral analysis. YN, HF, KN, and SU participated in experimental conception and design and edited the manuscript. All authors read and approved the final manuscript.
